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ABSTRACT 

Major, trace and rare-earth elemental compositions as well as Rb-Sr, Sm-Nd and Pb-Pb 
isotopic systematics were determined on shales of the -3.5-3.1 Ga old Barberton Greenstone 
Belt in South Africa to constrain their source compositions and evolution degree, on the basis of 
a their chemical alteration. A progressive change in the chemical composition has been 
identified in the sedimentary sequence from a dominant ultramafic-mafic (such as a komatiite 
end-member) source at the base of the sequence to a progressively felsic-plutonic (such as a 
granite end-member) source towards the top. The Si02, K20, U, Rb, Ba, Sr contents and the 
Zr/Y ratio increase proportionally upward, while the MgO, Fe203 contents and the Sm/Nd and 
Cr/Zr ratios consistently decrease. Both groups of rocks yield also high concentrations of Cr and 
Ni in comparison to shales of other Archaean occurrences. 

The shales of the Fig Tree Group provide varied REE patterns with LaN/YbN ratios of 
6.6±1.9 (2a) and Eu/Eu* ratios of 0.86±0.11, while those of the Moodies Group yield more 
fractionated and scattered REE patterns with LaN/YbN ratios of 8.8±4.6, and similar Eu/Eu* 
ratios of 0.91 ±0.1 8, most being analytically not significant. The REE patterns of both 
sedimentary rock groups also outline slightly positive Eu-anomalies. An upward increase in the 
GdN/YbN, Th/Sc, La/Sc and La/Yb ratios, and a decrease in the Sm/Nd ratio, are also 
considered to reflect a change from a relatively undifferentiated mafic upper-crustal source to a 
more differentiated felsic composition. 

The TDM Sm-Nd ages range between 3.02 and 3.85 Ga for the shales of both groups, 
indicating partly heterogeneous mantle sources, predominantly of either mafic rocks from lower 
Greenstone Belt itself, or of granitoid rocks surrounding the belt. The Rb-Sr and Pb-Pb isotopic 
ages are at 2. 6-2. 7 Ga for the Fig Tree shales, while those of the Moodies Group are less 
constrained at about 2.2-2. 3 Ga. These ages provide arguments for an alteration process 
caused by either a thermal or a chemical event that reset and/or, at least, disturbed the isotopic 
systems of the studied samples, resulting from large-scale fluid migrations. High £Nd values for 
the time of deposition probably reflect as well an open behavior of the Sm-Nd isotopic system. 

Keywords.- Major, trace and rare-earth geochemistry, Rb-Sr, Sm-Nd and Pb-Pb isotopic 
systems, shales, Fig Tree and Moodies groups, Greenstone Belt, South Africa 

1. INTRODUCTION 

Major, trace and rare-earth elemental (REE) compositions, in conjunction with isotopic 
systematic, such as the Rb-Sr, Sm-Nd and Pb-Pb methods, are increasingly used to constrain 
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provenance, source compositions, diagenetic evolution and weathering patterns of old 
sedimentary sequences. They also represent an original approach to identify ancient 
metamorphic episodes and tectonic evolutions of continents (e.g., McLennan 1982; Taylor and 
McLennan, 1985; McLennan et al., 1993; McDaniel et al., 1994; Hemming et al., 1995; Jahn 
and Condie, 1995). In fact, combined mineralogical, geochemical and isotopic studies are best 
suited to provide information on the chemical composition and age as well as on the crustal -to- 
sedimentary evolution of the source material of Archaean sedimentary rocks, especially of 
shales (Fedo et al., 1996; Hofmann et al., 2003). 

In the present study, the mineralogical, elemental, and Sr, Nd and Pb isotopic 
compositions of early Archaean shales have been determined to contribute to an increased 
understanding of the evolution of the Barberton Greenstone Belt (BGB) of South Africa. The 
data presented were thought to complement the available information that has been reported 
previously on identical and similar rocks by McLennan et al. (1983b) and Hofmann (2005). They 
will be discussed in four different topics that appear quite appropriate for such old sediments: 
(1) the weathering effects in the source areas, (2) the origin and provenance of the detrital 
materials, (3) the possible hydraulic sorting of these detrital components, and (4) the impact of 
the tectonic-metamorphic setting in their evolution. It shall be added that Archaean sedimentary 
rocks are of special interest for this kind of investigation, because they are generally considered 
to represent the ultimate original sediments on Earth, not having been recycled through 
cannibalistic sedimentation processes. 

In a previous study of sedimentary rocks from BGB, Hofmann (2005) concluded that 
chemical weathering of the source material that contributed to the whole 1200 m thick 
sedimentary sequence is minor, but that alternatively hydrothermal-metasomatic episodes 
affected the sequence significantly. He also reported varying contributions of ultramafic and 
mafic greenstones in the rock composition, depending on the studied rock facies. Since 
Hofmann’s (2005) study was based on the varied rock lithologies of the Fig Tree Group, it 
appeared of interest to complement his study and contribute to the information about the source 
provenance and the chemical post-sedimentary evolution by detailing the mineralogical (whole 
rocks and mineral fractions), morphological (electron microscopy), geochemical (major, trace 
and rare-earth elements) and isotopic (Rb-Sr, Sm-Nd, Pb-Pb) aspects of the sole shale facies of 
the Fig Tree and Moodies groups, which we did in the present study. 

2. GEOLOGICAL SETTING AND SAMPLING STRATEGY 

The BGB is located near the southeastern edge of the Kaapvaal craton in southern Africa 
(Fig. 1); it consists of deformed and variably metamorphosed volcanic and sedimentary rocks of 
the Swaziland Supergroup (e.g., SACS, 1980). These supracrustal units are in intrusive or 
structural contact with the surrounding coeval or younger granitoid plutons (Anhaeusser, 1973; 
Anhaeusser and Robb, 1981). The lower succession of the Swaziland Supergroup, which 
belongs to the 3.5-3.29 Ga old Onverwacht Group (Kroner and Todt, 1988; Armstrong et al., 
1990; Lopez-Martinez et al., 1992), is 8-10 km thick and consists mainly of mafic and ultramafic 
rocks with minor sedimentary and felsic volcanic layers (Viljoen and Viljoen, 1969). It is overlain, 
apparently conformably, by a dominantly sedimentary sequence consisting in the Fig Tree 
(FTG) and Moodies (MG) groups. The 3.26-3.22 Ga old FTG (Kroner et al., 1991; Kamo and 
Davies, 1993) is 1-3 km thick and consists of a succession of greywackes, shales, cherts, 
dacitic flows and volcanics. The uppermost unit of the Swaziland Supergroup is the 3.22-3.1 Ga 
old MG, comprising up to 3.7 km of inter-bedded, compositionally immature to mature, 
dominantly quartzite sandstones, polymict conglomerates and subordinate siltstones, shales, 
and volcanics (Heubeck and Lowe, 1994a). Detailed stratigraphic studies also report a 
subdivision of the general stratigraphic succession into a northern, a west-central and a 
southern facies (Kroner et al., 1991; Lowe and Byerly, 1999) that are separated by the Inyoka 
fault (Fig. 1). In the northern zone of the BGB, the FTG and MG are considered to be in para- 
conformable contact suggesting the occurrence of a tectonic event (Eriksson et al., 1994). 
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Figure 1 : General geologic map of the Barberton 






Although all Barberton rocks have been virtually affected by a low-grade metasomatic 
alteration involving silicification, carbonatisation and widespread formation of secondary sericite 
and chlorite, they widely preserve primary volcanic and sedimentary lithologies, structures and 
textures (Nocita and Lowe, 1990; Lowe, 1991). Units within the belt were the subject of varied 
geochronological (e.g., Allsopp et al., 1973; Barton et al., 1983; Armstrong et al., 1990; Kroner 
et al., 1991), structural (Heubeck and Lowe, 1994a; De Ronde et al., 1994), metamorphic 
(Cloete, 1991) and sedimentological investigations (Erikkson et al., 1994; Lowe and Nocita, 
1999). Major thermal events affected the belt after deposition of the Moodies Group at ~3.1, 
~2.7 and ~2.1 Ga (Weis and Wasserburg, 1987; De Ronde et al, 1991; Toulkeridis et al., 1994; 
1998). 


Two sets of seventeen and nine samples were collected for the present study. The first 
consists of seventeen drill cores of shales from FTG that were taken near the Fairview Gold 
Mine. The second comprises nine drill cores from MG that were taken near the Agnes Gold 
Mine (Fig.1). Both can be considered to be fairly representative of the shale facies in the two 
groups. 

3. ANALYTICAL PROCEDURE 

Mineralogical data were obtained by X-Ray diffraction (XRD) and by optical and scanning 
electron-microscope (SEM) observations (Table 1). The SEM was equipped with an EDX 
system for chemical analysis of polished thin-sections and whole-rock chips. Additional 
information including the chemical composition of the clay fraction is available in Toulkeridis et 
al. (1996). 
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The selected drill cores were ~20-25 cm in length and ~4 cm in diameter; they were first 
cleaned for any visible weathering feature or any vein occurrence. Then, they were crushed into 
2-4 mm chips, rinsed several times with distilled water and pulverized in a disc mill. The major 
and some trace elements were determined by XRF (Phillips PW 1404) following a description of 
Stern (1972) and by ICP-AE (ARL 35000). The additional trace and REE were measured by 
ICP-MS (Fison VG Isoplasma) following the procedure of Samuel et al. (1985) also valid for the 
ICP-AE measurements. Replicate analyses of reference samples and standards indicate that 
the accuracy of the major elements was within ±5% and that of the trace- and REE 
determinations within ±10%. This analytical accuracy means that if the REE contents of the 
samples, as well as their Ce and Eu anomalies, range between 0.9 and 1.1 relative to those of 
any reference, they are not analytically significant. All REE data were normalized for plots using 
the chondrite values of Taylor and McLennan (1985) as the reference material. Elemental 
contents and some selected ratios of the samples are given in the Tables 2, 3 and 4. 

The Rb-Sr isotopic analyses were performed on a VG Sector multi-collector mass 
spectrometer at the Centre de Geochimie de la Surface of Strasbourg. The samples were 
dissolved in teflon containers in Mainz with a triacid (HF + HNO3 + HCIO4) mixture. The Sr, Sm 
and Nd were separated in Strasbourg using a chemical procedure similar to that reported by 
Schaltegger et al. (1994). The value obtained for the NBS 987 standard during the course of the 
study was 87Sr/86Sr = 0.71 0257±0. 00001 5 (2o external, n = 4). For the isochron calculation, a 
systematic uncertainty of 0.000015 (2a) was taken for each measured 87 Sr/ 86 Sr ratio on the 
basis of the standard reproducibility. The accuracy of the 87 Rb/ 86 Sr ratio was better than 1.5%. 
All 87 Sr/ 86 Sr ratios were corrected to the NBS 987 standard 86 Sr/ 88 Sr ratio of 0.1 194 (Table 4). 

The Sm-Nd isotopic analyses were obtained on two Finnigan MAT 261 mass- 
spectrometers at the Max-Planck Institut fur Chemie in Mainz. The 143 Nd/ 144 Nd ratios were 
normalized to a 146 Nd/ 144 Nd ratio of 0.7219. The value obtained for La Jolla Nd standard was 
143 Nd/ 144 Nd = 0.51 1843±0. 000020 (2a external, n = 11) during this study. For isochron 
calculation, a systematic uncertainty of 0.000020 (2a) was assumed for the measured 
143 Nd/ 144 Nd ratio on the basis of reproducibility of the standard. When the specific measurement 
error of a given analysis was higher than 0.000020 (2a), the higher value was used. The 
uncertainty for the 147 Sm/ 144 Nd ratio was taken as 0.2%. All 143 Nd/ 144 Nd ratios were corrected to 
the La Jolla standard 143 Nd/ 144 Nd ratio of 0.51 1860 (Table 4). 

The Pb isotopic ratios were determined in static mode on a Finnigan MAT-261 mass- 
spectrometer at the Max-Planck-lnstitut fur Chemie in Mainz. Pb was purified following a 
standard ion exchange technique (Krogh, 1973), and was measured on single Re filaments with 
a mixture of phosphoric acid and Si-gel (Cameron et al., 1969). The Pb isotopes were then 
individually measured, and the isotopic ratios were corrected for a mass fractionation factor of 
0.1% per amu determined by measurements of the NBS 982 standard. When the specific 
measurement error of an analysis was higher than the error value defined by the 2a of the NBS 
982, the higher value was used (Table 4). 

4. RESULTS 
4.1. Mineralogy 

The FTG and MG shales consist mainly of quartz, illite, chlorite and albite. Monazite 
(rhabdophane), apatite, Cr-spinel, zircon, sphene, which might be of authigenic origin (Morad 
and Aldahan, 1985; 1986; Panhuys-Sigler and Trewin, 1990), and diverse heavy minerals 
including sulfides and oxides represent the minor constituents (Fig. 2A to L). The illite content of 
the <2pm fraction of the FTG shales varies between 10 to 45%, averaging 17% with the 
remainder being chlorite. The MG shales contain up to 100% illite with an average of 86%, and 
small amounts of chlorite. Both Fe- and Mg-rich chlorites are present; the Mg-rich being 
dominant in the MG shales (Toulkeridis et al., 1996). Two samples yield a significantly different 
mineral composition than the others: sample 79NC127 collected close to the magnetite shale 
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contains ~30 % magnetite, and sample 79NC107 is extensively silicified. Some of the samples 
were found to be crosscut by thin (0.5pm-1mm) veins of dolomite, quartz, gold, sphalerite or 
pyrite (Table 1). It might also be mentioned that the analyzed rocks were not subjected to a 
metamorphic degree higher than incipient greenschist facies. 



Figure 2: Pictures by Scanning Electron Microscopy of some minerals characteristic of the FTG 
shales (from A to F) and of the MG shales (G to L) 


4.2. Major-elemental geochemistry 

Chemical variations relative to the stratigraphic position of the samples are obvious in the 
composition of the major elements. Except for the two specific samples 79NC107 (FTG shale) 
and 79NC127 (MG shale) that were identified by the XRD analysis, the Si02 contents of the 
FTG shales range from 50.2 to 58.9 weight percent (wt%) with an average of 54.4 wt%. They 
are lower than those of the Si02 in the MG shales, ranging from 55.5 to 63.1 wt% with an 
average at 60.4 wt%. The FTG shales contain higher TiC> 2 , Fe 2 C> 3 *, MnO, MgO, P 2 O 5 , (LOI) 
contents, and lower K 2 O and Na20 contents than the MG shales. 
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Relative to the North American Shale Composites (NASC; Gromet et al., 1984), both the 
FTG and the MG shales yield lower Si02, TiC >2 and CaO contents and almost identical AI 2 O 3 , 
Na20 and P 2 O 5 contents; the MgO and MnO contents being higher. The FTG shales contain 
more Fe203 and the MG shales less than the NASC, whereas the K 2 O contents correlate 
negatively with those of the NASC. The FTG shales yield slightly lower K20/Na20 ratios but of a 
wider scatter than the MG shales, both averaging lower «20/Na20 ratios than the NASC, but 
exceeding slightly the known range of this ratio in shales of other greenstone belts, which is 
between 0.7 and 1.5 (Taylor et al., 1986; Wronkiewicz and Condie, 1989). The Si02/Al203 ratio 
of the FTG shales is slightly lower than that of the MG shales, ranging within the known 
variation of Archaean greenstone shales (from ~3 to ~5). Besides some shales of the Pongola 
Supergroup, most of the MG shales outline higher K 2 O contents than Archaean and early 
Proterozoic shales of the Kaapvaal Craton (Wronkiewicz and Condie, 1990; Eriksson et al., 
1990). 


For identification of the main Al-bearing components of the shales, the Ti02, Fe203 and 
K2O contents were plotted relative to the AI2O3 contents. The FTG and MG samples show 
obvious differences. For instance, the TO2 content correlates positively with the AI2O3 content 
(Fig. 3A), but all samples plot above the assumed field of the clay minerals (Veizer, 1978; 
Veizer and Garret, 1978), which corroborates the assumption that heavy minerals, such as 
titanite and illmenite, are the main carriers of Ti and are intimately mixed with the clay particles 
in the <2pm fraction. 



Figure 3: Logarithmic plots of Ti02 (in A), Fe203 (in B) and K20 (in C) vs. AI203. 

All contents are in wt%. 
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Considering that clay minerals are the main carriers of Fe and K as well, can help to 
differentiate distinctive fields of clay minerals. In this respect, the FTG shales should contain 
clay material mainly chloritic in composition (Fig. 3B), whereas the MG shales should contain 
mixed-layered illite/smectite clays, which is not what the XRD study outlines, at least for the 
FTG shales. Alternatively, the field of the FTG shales close to the illite field, and the field of the 
MG shales close to a muscovite/sericite end member (Fig. 3C), both suggest that the mica-type 
minerals of the latter appear to have crystallized at higher temperatures, which again does not 
perfectly fit the XRD data mentioning the occurrence in these rocks of a mixed-layer 
illite/smectite that basically contains less K than illite. 

Two sub-parallel linear trends are obtained in a K20-Fe203-Al2C>3 ternary plot (Fig. 4). 
Trend A consists of the FTG shales, defining a tightly oriented cluster close to a komatiitic - 
basaltic composition. These shales are also enriched in AI2O3, confirming the mixing of illite and 
chlorite. Trend B is made up of MG shales that contain less AI2O3, with a narrow scatter along a 
mixing line defined by the chlorite and muscovite (perhaps mixed with minor K-feldspar) end- 
members. The anomalous sample 79NC127 plots close to the Fe203 corner, resulting from 
already mentioned high magnetite content. None of the shales plots in the field of residual clays 
(Reimer, 1985), implying no significant impact of modern weathering effects. 



Figure 4: K20-Fe2C>3-Al203 ternary plot adapted from Wronkiewicz 
and Condie (1987). Field of residual clays is from Reimer (1985). 


Weathering of igneous rocks induces depletion of alkali- and alkaline-earth elements and 
preferential enrichment of AI 2 O 3 in the resulting materials, thus providing a way of examining the 
sedimentary history of a bedded sequence. Weathering effects can be explained in terms of the 
Chemical Index of Weathering (CIW; Harnois, 1984) or the Chemical Index of Alteration (CIA; 
Nesbitt and Young, 1982). Changes in the CIW/CIA ratio of two different rock series may reflect 
changes in the mineral composition, which is not necessarily related to rock weathering and/or 
alteration, but to a transport sorting from source area to deposition site. The CIW index is 
defined as the Al203/(Al203+Ca0*+Na20) ratio, while the CIA index results from 
Al203/(Al203+Ca0*+Na20+K20) ratio, with CaO* including only Ca associated with silicate 
minerals (Nesbitt and Young, 1984; all oxides being in %mol). In the present study, CaO* was 
calculated by subtracting the contribution of apatite estimated from P 2 O 5 content, and the 
amount of monazite and carbonate estimated from Ca0-C02 calculation. The CIA values of the 
FTG shales average 64.1 ±9.8 (la) and those of the MG shales 56.5±3.3 (la), whereas the CIW 
values are at 78.5±7.5 for the FTG shales and 76.6±5.8 for the MG shales. The CIW and CIA 
trends ranging from 77 to 79 and from 56 to 64, respectively, are indicative of a lower 
weathering degree than in the reference shales (CIA = 70-75; Taylor and McLennan, 1985), 
reporting no determining weathering of the source components. Relative to the scatters 
obtained here, the CIA values of the average upper-continental crust are at about 50, that of 
muscovite at 75, and those of chlorite at 100 (Nesbitt and Young, 1989). 

The CIA data of both groups of shales were also plotted in a ternary diagram of molar 
fractions of AI2O3, (Ca0*+Na20) and K2O. Typical pristine igneous rocks plot below 50% of 
AI2O3, and the fluids associated with their alteration reflect preferential depletion of 
alkali/alkaline earths, plotting at or near 0% AI2O3 (Fig. 5). Shale compositions of both the FTG 
and MG cannot be explained simply by a removal of alkali/alkaline earths during weathering of a 
homogeneous source. If so, the line drawn through the data would display the composition of 
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the surface water associated with the weathering profile and would yield 0 % AI2O3. The relative 
contents of AI2O3 in the FTG shales are almost identical, or even higher, than those of typical 
igneous compositions. They are also close to the NASC value, suggesting again that the source 
may have had a minor weathering history. The shales of both the FTG and MG define individual 
trends, which intersect the AI2O3, (Ca0*+Na20) tie line, showing that the chemical composition 
does not simply result from a weathering process. These trends may record chemical changes 
that occurred in the shales between weathering of the source rocks, deposition and final 
consolidation during compaction, including chemical alteration of detrital igneous minerals into 
clay components. 



Figure 5: Ternary diagram of molar fractions of AI203-(Ca0*+Na20)-K20. 

In summary, the mineral composition of the studied shales is rather common with quartz, 
illite, chlorite, albite and minor heavy minerals. The rocks appear to have been subjected to an 
incipient greenschist metamorphic degree, with the MG shales apparently more recrystallized. 
Also, it might be mentioned that only very insignificant weathering effects, either ancien or 
recent, were detected. 

4.3. Large-ion lithophile elemental (LILE), rare-earth elemental (REE) 
geochemistry 

The FTG shales contain lower Rb, Sr, Cs, U and Th contents than the MG shales and the 
NASC reference. The Rb, Sr, Ba and Cs concentrations are half those of the MG shales, which 
have lower contents in Sr, U, Ba and Th, but higher contents in Cs and Rb than the NASC. The 
Th/U and K/Rb ratios of the MG shales are generally higher than those of the NASC, while 
those of the FTG shales are lower. Both, the FTG and MG shales yield lower Th/Sc ratios, but 
higher Rb/Sr and Ba/Sr ratios than the NASC. 

In plotting Rb against K and in assuming that both are in the illite mineral phase, a 
differentiation between detrital and authigenic illite can be made (Fig. 6). In the present case, 
the FTG shales seem to contain predominantly detrital illite, whereas the MG shales seem to 
contain mainly authigenic illite, which confirms an earlier trend on the recrystallization degree of 
the rocks. 

The REEs are known to be reliable provenance indicators (e.g., Taylor and McLennan, 
1985), because they tend to be transferred non-fractionated from source material to the 
sedimentary site, therefore reflecting the average REE composition of the source (Cullers et al., 
1979; McLennan et al., 1980). Although this assumption seems not to be shared by all 
(Chaudhuri et al., 1992; Honty et al., 2008) and although the absolute concentrations in REEs 
are variable, chondrite-normalized patterns are almost similar for both groups with steep 
patterns typical for Archaean clastic sedimentary rocks providing LaN/YbN ratios of 6.6 for the 
FTG shales and of 8.8 for the MG shales (Fig. 7). Light REEs (LREE) contents are 35 to 100 
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times those of the average LaN/SrriN ratios of chondrites, and those of the heavy REEs (HREE) 
are 5 to 15 times those of the chondrites. The patterns of the HREEs are relatively flat for both 
groups with GdN/YbN ratios of ~1.4 that fall into a 1-to-2 value range typical for Archaean 
sedimentary rocks (McLennan, 1989). The Eu/Eu* anomaly, which describes the enrichment of 
Eu relative to a smooth pattern with Eu* being the geometric average value between SrriN and 
Eli Eu n 

GdN (i.e. “ '' K ^ js negative in almost all FTG and MG shales, as already reported 

in other Archean sedimentary rocks (Gao and Wedepohl, 1995). It ranges from slightly positive 
to negative in the MG shales, while being consistently slightly negative in the FTG shales. 

C e C e N 

Ce* ± = 

Similarly, the Ce/Ce* ratio LC iv K * v refers to the enrichment of Ce relative to a smooth 
distribution. Here, with values of -0.98 for the MG shales and -0.94 for the FTG shales this 
ratio shows no fractionation at all if considering the analytical uncertainty, while some negative 
values were obtained in other Barberton sedimentary rocks (Hayashi et al., 2004). Both the FTG 
and the MG shales yield the highest Eu/Eu* and Ce/Ce* anomalies when compared to NASC 
and to younger shales from Kaapvaal craton (e.g., Wronckiewicz and Condie, 1990; Jahn and 
Condie, 1995). 



Figure 6: Logarithmic plot of Rb vs. K concentrations 
of the FTG and MG shales. 

In summary, the K and Rb contents provide information about detrital and authigenic 
origin of the illite-type components in the FTG and MG shales, respectively. The REE contents 
are highly enriched relative to chondrites, and the Eu and Ce anomalies are limited or even 
absent. 



Figure 7: Chondrite-normalized REE patterns of the FTG and MG 
shales as well as of the NASC reference. 
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4.4. High-field strength elements (HFSEs) and transition-metallic elements 
geochemistry 

Both, the FTG and MG shales yield lower Hf, Zr, Nb, Ta, Y and Ti02 contents than the 
NASC reference. Compared to the MG shales, the FTG shales contain less Ta, Nb, Zr and Hf, 
but more Y and Ti02. They also have lower Zr/Y and higher Ti/Zr ratios, whereas the Zr/Nb 
ratios are almost the same in the FTG, the MG shales and the NASC. The TiC >2 and Y contents 
are negatively correlated, whereas all other HFSEs are scattered when plotted relative to the 
Si02 content, suggesting a distinctive mineral control. The Ti and Nb contents correlate 
positively in both groups, indicating the occurrence of ilmenite as the main hosting mineral. The 
average Zr/Hf ratios are slightly higher in the MG shales (~33) than in the FTG shales (~30). 
Although the Zr/Hf ratio ranges from about 23 to 45 in the MG shales, most samples yield 
values between 38 and 45, suggesting a zircon control (Zr/Hf » 40) for these elements. While 
most FTG shales have Zr/Hf ratios below -30, it appears that Hf is controlled by, at least, one 
additional mineral. The HREEs, LREEs, Th, U and Y concentrations of the MG shales are 
positively correlated with Zr, suggesting that they are carried dominantly by zircon. The Th, U 
and Y contents of the FTG shales also correlate positively with the Zr contents. The lack of 
correlation between the HREE and LREE and Zr indicates also that these elements are not 
hosted only by zircon. 

Abnormally high abundances of Cr and Ni in FTG shales were first reported by Danchin 
(1967) and later by McLennan et al. (1983a) (Fig. 8A). Here, the Cr and Ni contents range from 
850 to 1120 pg/g, and from 310 to 550 pig/g, respectively, with the exception of sample 
79NC107 depleted in both Cr and Ni (390 pg/g, 190 pg/g), due to a dilution effect by extensive 
silicification. In comparison, the MG shales contain less Cr and Ni, between 510 and 850 pg/g, 
and 130 and 390 pg/g, respectively. Although the absolute abundances differ, the Cr/Ni ratio of 
both groups is similar at -2.47, which is higher than that of komatiites (~1.6), which suggests a 
significant fractionation (Condie, 1993; Garver et al., 1996). A positive correlation exists 
between Cr, Ni and MgO, Sc and V for both groups of samples; all these elements being 
negatively correlated with Si02. The presence of Cr-spinel in the MG shales is often observed, 
whereas this Cr-carrying mineral has not been identified in the FTG shales. Typical Ni-carriers 
such as FeNiS and AsCoFeNiS were detected in both groups (Table 1). The Barberton shales 
show a 500 to 1000 % enrichment of Cr and Ni relative to NASC. Compared to other Archaean 
to Proterozoic shales from South Africa as well as to Archaean occurrences elsewhere in the 
world, the FTG shales yield the highest abundances in Cr and Ni (Fig. 8B). The Co content is 
highly variable in the MG shales relative to FTG shales, but both outline the same average 
amounts. The FTG shales are enriched in Sc, V and Co, whereas the MG shales contain similar 
amounts of Sc, lower amounts of V and higher amounts of Co, relative to NASC. 
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Figure 8: Logarithmic plot of Cr vs. Ni concentrations of the FTG and MG shales relative to other 
Archaean shales of South Africa (in A) and to other early Archaean occurrences (in B). 
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In summary, the HFSEs and metal elements confirm the occurrence of accessory heavy 
minerals that carry the REEs, Ta, Nb and Zr; Cr and Ni being mainly in Cr-spinel and sulfides. 

5. DISCUSSION 

The aim of the present study was a mineralogical, elemental and isotopic evaluation of at 
least the effects of: (1) weathering of the source area(s), (2) diagenetic and metamorphic 
alteration, (3) hydraulic sorting, as well as an identification of the provenance of the supplying 
material. These topics will be discussed hereunder. 

5.1 . Effects of hydraulic sorting, adsorption, diagenesis and metamorphism 

Several petrographic studies including the evaluation of textural maturity, the 
characteristics of grain size and shape, and the mineral composition (Folk, 1974), which usually 
allow identification and evaluation of the sorting processes in sedimentary rocks, fail in fine- 
grained shale-type rocks (McLennan, 1989). For such rocks, the evaluation of the hydraulic 
sorting can be based on the chemical composition (McLennan et al., 1993). The presence of 
weathering-resistant zircon, Cr-spinel, magnetite, monazite and apatite may produce irregular 
chemical variations in some trace elements such as the REEs and the HFSEs (Gromet et al., 
1984; Reimer, 1985; Cullers et al., 1979; Maas and McCulloch, 1991). When plotting the Th/Sc 
ratio vs. the Zr/Sc ratio, evaluation of the causes for zircon enrichment should be possible, as Zr 
is usually strongly enriched in zircon, while Sc is not but is generally able to preserve the 
signature of the provenance, as do the REEs (McLennan, 1989). The Th/Sc ratio appears, 
therefore, as a good indicator of igneous chemical differentiation processes, since Th is an 
incompatible and Sc a compatible element in igneous systems. Both, the Th/Sc and Zr/Sc ratios 
vary sympathetically in the FTG and the MG shales (Fig. 9), by following a trend that is 
consistent with a process primarily controlled by igneous differentiation (McLennan et al., 1993). 



Figure 9: Plot of Th/Sc vs. Zr/Sc ratios of the FTG and MG shales. 


Sedimentary sorting becomes detectable when Cr contents are plotted against Zr 
contents (Fig. 10). Here, the FTG shales form a tight cluster, while the MG shales are positively 
correlated, suggesting an accumulation caused by grain-size effect. This fact, combined with 
mineralogical observations, suggests that Cr may be adsorbed as promoted by Manceau and 
Calas (1986) onto the clay minerals of the FTG shales, while Cr appears to be mainly hosted in 
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Cr-spinel of the MG shales. A plot of the GdN/YbN ratio against the LaN/SrriN ratio, in which "N" 
indicates chondrite-normalized values, shows a scatter for the FTG shales having LaN/SrriN 
ratios between 2.6 and 3.7 and GdN/YbN ratios between 1.1 and 1.5 (Fig. 11), whereas the MG 
shales have LaN/SiriN ratios from 3.5 to 4.8 and GdN/YbN ratios from 1 .2 to 1 .8. These scatters 
are not surprising given the potentially complex sorting of heavy minerals. 



Figure 10: Plot of Cr vs. Zr contents of the FTG (circles) and MG (squares) shales. 

Positive correlations between P 2 O 5 contents and La and Ce contents suggest that apatite 
and monazite may also control the high amounts of LREEs. A positive correlation between 
AI 2 O 3 and REEs suggests that the REEs belong mainly to Al-silicate minerals, probably of the 
clay type. Although clay minerals preferentially tend to adsorb REEs and metals from seawater 
(Roaldset, 1973; Balistieri and Murray, 1984), the resultant enrichment in these elements 
appears fairly uniform within the shale units during both deposition and diagenesis 
(Wronkiewicz and Condie, 1987). Similar REE distributions in each of the two groups suggest 
that if adsorption was important or at least dominant, it acted similarly for all the shales. 
Furthermore, the overall similarity of the REE patterns of the Barberton shales with those 
estimated for the average upper-Archaean crust (Taylor and McLennan, 1985; Condie, 1993) 
suggests that fractionation of the REEs is not a major factor that could have obscured the 
provenance compositions of the rocks (Wronkiewicz and Condie, 1987). Diagenesis and low- 
grade metamorphism, such as those affecting the Barberton shales studied here, generally 
produce only small changes, if any, in both the major and trace element concentrations of 
shale-type rocks (Cullers et al., 1974; Condie and Martell, 1983; Gromet et al., 1984; Schieber, 
1988; Eriksson et al., 1990; Bierlein, 1995). 



Figure 11 : Plot of GdN/YbN vs. LaN/SrriN ratios. NASC ratios are for reference. 
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5.2. Shale provenance 

As already stated, shales are the most suitable sediments for provenance studies based 
on geochemical data, due to their homogeneity and post-depositional low permeability 
(Schieber, 1988; Wronkiewicz and Condie, 1989; Crighton and Condie, 1993), which reduces 
fluid migration and interaction with the host minerals. The FTG and MG shales most probably 
derived from source areas comprising either basaltic and komatiitic rocks from within the 
greenstone belt, or granitoid rocks from around the Greenstone Belt. The presence of 
intercalated felsic volcanic rocks within the FTG indicates the further possibility of pene- 
contemporaneous felsic volcanic activity providing fine detritus to both the FTG and MG shale 
depositories. 

While many factors such as hydraulic sorting and metamorphic imprint affect the 
composition of fine-grained terrigenous sediments, like those studied here, a robust and reliable 
provenance indicator is given by the triangular projections La-Th-Sc and Th-Hf-Co (Fig. 12; 
Wronkiewicz and Condie, 1987), as these elements (REEs, HFSEs, Th and Sc) are among the 
least mobile under an extensive range of geologic conditions. They represent, therefore, best 
candidates for provenance studies (Taylor and McLennan, 1985; Wronkiewicz and Condie, 
1987). In addition, the La/Th fractionation is a good indicator of a felsic source composition, 
because these elements are mostly associated with quartz and are strongly controlled by the 
nature of the source rocks. 



Figure 12: Double ternary diagram of Th-Hf-Co and La-Th-Sc contents, 
after Wronckiewicz and Condie (1987). 


Alternatively, Sc and Co are more likely associated with a mafic source composition, 
providing a good antagonistic supply in the differentiation of the source of the shales. Also, the 
Th/Sc ratio is a sensitive index for provenance compositions (Taylor and McLennan, 1985; 
McLennan, 1989). In both diagrams, all shale data points plot in a field comprising all possible 
source rocks, which implies that the sources have been bimodal, i.e. mixed felsic-mafic in 
different proportions. The FTG shales are more mafic-related and the MG shales are more 
felsic-related (Fig. 12). The record of mixed sources as the provenance of shales in the 
geochemical data can also be observed on plots of Th/Sc vs. Th/Al 2 C >3 ratios (Fig. 13A), 
Th/AbOs vs. SC/AI 2 O 3 ratios (Fig. 13B), or La/AbOs and La/Sc vs. LaN/YbN ratios (Fig. 13C,13D). 

More specifically, the differentiation of FTG and MG shales can also be tested using 
diagrams of Zr and Si02 contents vs. Ti/Nb; Bonjour and Dabard (1991) having shown that the 
Ti/Nb ratios can be used as indicators of provenance for clastic terrigenous sediments. In Fig. 
14A and Fig. 14B, the FTG shales have higher Ti/Nb ratios, but lower Si02 and Zr values, than 
the MG shales, thus confirming the above mentioned assumption of their source origin. 










Figure 14 C-D: Plots of Th/Al2C>3 vs. La/Al2C>3 ratios (in C), La/Sc vs. LaN/YbN ratios (in D). 


5.3. Pb-, Sr- and Nd-isotopic behavior and implication for crustal development 

The Sm-Nd, Rb-Sr and Pb-Pb isotopic systematics were analyzed in the FTG and MG 
shales. The Pb isotopic compositions were measured in ten FTG samples with the data fitting a 
linear array that corresponds to a Pb-Pb age of 2596±12 Ma (MSWD = 12.8; Fig. 15), while the 
Pb-isotope composition of seven MG rocks is less constrained (MSWD = 176) with a line 
providing an age of 2231 ±31 Ma. All FTG and MG samples were also analyzed by the Sm-Nd 
and Rb-Sr methods. The data points of the FTG shales, when plotted in a Rb-Sr isochron 
diagram, plot along an array corresponding to an age of 2735±32 Ma with an initial 87 Sr/ 86 Sr = 
0.7143±0.0017 and an MSWD = 41.8 (Fig. 16). The two anomalous samples (79NC116 and 
79NC117) plot away from the best-fit line. By excluding these two data from isochron 
calculation, the linear array improves substantially with an MSWD = 2.18, and an age at 
2939±38 Ma with an initial 87 Sr/ 86 Sr = 0.7074±0.0020. The Rb-Sr isotope data for the MG shales 
display a considerable scatter (MSWD = 211); the best fit line corresponding to an age of 
2321150 Ma and an initial 87 Sr/ 86 Sr = 0.721910.0023. 



Figure 15: Pb-Pb isochron diagram for the FTG (circles) and MG (squares) shales. 

The Sm-Nd isotope data scatter so much that they have not been considered for age 
calculation. All three isotopic systems indicate ages, if any, which are much younger than the 
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expected depositional age of the sediments. This suggests in turn that alteration caused by 
either a thermal or a chemical event, reset and/or disturbed the isotopic systems, most probably 
at -2.6 to 2.7 Ga, as a result of large-scale fluid migrations. This process of resetting is not 
unusual (Perry and Turekian, 1974) and has also been reported and discussed in detail in other 
rocks of the BGB, such as komatiites (Gruau et al., 1990; Lecuyer et al., 1994; Lahaye et al., 
1995), felsic volcanics (Allsopp et al., 1973) and, more recently, metagrey wackes (Toulkeridis et 
al., 1999), barites (De Ronde et al., 1991) and carbonates (Toulkeridis et al., 1998) of the FTG. 



Figure 16: Rb-Sr isochron diagram for the FTG (circles) and MG (squares) shales. 

The FTG and MG shales average a 147 Sm/ 144 Nd ratio of about 0.123 and 0.110, 
respectively, and therefore yield a normal upper crustal ratio (-0.12; McCulloch and 
Wasserburg, 1978). The MG sample 79NC127 has a ratio identical to those of the FTG 
samples, while the FTG sample 79NC107 has a ratio that matches the range of the MG shales 
(Fig. 17). The FTG shales have also a higher average 143 Nd/ 144 Nd ratio than the MG shales. 
The same ratios of the FTG shales are also consistent with those from previously published 
studies (McCulloch and Wasserburg, 1978; Miller and O'Nions, 1985; Dia et al., 1990) and, 
more generally, with those of Archaean shales (McLennan and Hemming, 1992). The decrease 
in the Sm/Nd isotope ratio from FTG to MG shales most probably reflects a change in the 
source of the shales from relatively undifferentiated mafic upper-crustal compositions to more 
differentiated felsic compositions. 
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Depleted-mantle model ages (TDM) were calculated by using an average crustal ratio of 
0.11 and the Nd model age parameters of Goldstein et al. (1984; Table 5). The Tdm ages for 
shales have been tested often as useful tools for the reconstruct of either the origin and/or the 
provenance of these rocks (e.g., Allegre and Rousseau, 1984; Andre et al., 1986). Here, the 
Tdm ages range between ~3.2 and 3.9 Ga for the FTG shales, and between 3.0 and 3.6 Ga for 
the MG shales. The fact that some Tdm ages are younger than the depositional ages can be 
explained by heterogeneous mantle sources (Gruau et al., 1990). The Tdm ages of ~3.3 to 3.6 
Ga are within the age range of the underlying rocks from Onverwacht Group, making them 
potential sources of the FTG and MG shales (Fig. 18). Older Tdm ages may be too high, but they 
can be explained by the presence of early phases of granitoid rocks surrounding the BGB, such 
as the gneisses of the Ancient Gneiss Complex, and granitoid rocks (tonalites-trondjhemites- 
granodiorites and granites) juxtaposed south of the BGB (Fig. 18), of which zircon ages as high 
as 3.7 Ga were obtained (Compston and Kroner, 1988; Kroner et al., 1996). Although 
sedimentary sorting possibly affects the TDM ages of sedimentary rocks (McLennan et al., 
1989), the shales of the BGB appear to have remained fairly undisturbed in this respect. 



Calculated £Nd values for t = 3245 and 3200 Ma vary between -5.35 and +3.96 for the 
FTG shales, and between -3.14 and +4.84 for the MG shales, implying mixed mafic-felsic 
mantle-crustal sources in different proportions. The value of approximately +5 is obviously too 
high, since even mantle samples at ~3.2 Ga did not have such high values (Fig. 19; Hamilton et 
al., 1979; Jahn et al., 1982; Lecuyer et al., 1994). The simplest explanation is that the Sm-Nd 
system was opened since the time of deposition of the sediments as a result of a REE 
fractionation at distinct periods (Bock et al., 1994). In figure 20, different intersections of the 
FGT samples can be seen, as a function of time, in the evolution lines of Enci, with a model of 
the depleted mantle. 

The large variations of the £Nd ratio may also be explained by the impact of a 
carbonatization (Gruau et al., 1990; 1992; Tourpin et al., 1991). The variability of initial £Nd - 
values in the shales can possibly be attributed to an isotopic exchange of Nd with surrounding 
rocks during alteration, and a further fractionation of the Sm/Nd ratio during later events 
(Lahaye et al., 1995), as already suggested by the Rb-Sr and Pb-Pb isotopic data (Figs. 15, 16 
and 20). Therefore, recalculation of the £Nd values with initial "alteration ages" of about 2.6 to 
2.7 Ga provides lower and consequently more meaningful £Nd -values. 
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previously published isotopic values of FTG shales compared to possible source rocks. 

It has often been reported that Sm-Nd isotopic data from rock suites of early Archaean 
provinces that were subjected to metamorphic and/or metasomatic events long after deposition 
or crystallization, reflect open-system behaviors that lead to noticeable resetting of the Sm-Nd 
system, which is accompanied by Nd-isotopic homogenization (Toulkeridis et al., 1998). 
Therefore, caution should be used in interpreting highly variable, apparent initial Snci values of 
ancient rocks in terms of long-lasting regional mantle heterogeneity, such as for the shales 
studied here, which SNd values scatter widely over a range of 9 units. 



Figure 20: £ Nd vs. time plot for Nd isotope data of the FTG shales. 


5.4. Is there a missing link in the estimated source? 

The provenance of all studied shales has been discussed, and the rocks appear to be of 
mixed origin including a mafic-to-ultramafic and a felsic source. The Nd isotope data suggest an 
additional possible input. Plotting all data of plutonic, volcanic and sedimentary rocks of the 
BGB and of the surrounding area in a same diagram confirms that one source is missing. 
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Available data of the komatiites and basalts yield slightly positive and slightly negative £ Nd 
values at time t = 3245 Ma, with 147 Sm/ 144 Nd ratios of 0.17 and higher, while the granititoid rocks 
of the same area at the same period, and the gneisses of the Ancient Gneiss Complex have 
negative £ Nd values with 147 Sm/ 144 Nd ratios of 0.14 and lower. The clastic sedimentary rocks of 
the BGB studied here and the greywackes of previous studies (Dia et al., 1990; Toulkeridis et 
al., 1999) have negative and positive £ Nd values, but the positive values are higher than any yet 
reported possible source rock. It might, therefore, be speculated that the felsic volcanics of the 
interior FTG, which are intercalated within the sedimentary sequence, may represent the 
missing link to the source displayed by the Nd isotopic values. These felsic volcanics could 
have highly variable £ Nd values as a result of their plutonic source below the BGB. They could, 
therefore, reflect mixing with mafic volcanics while intruding these rocks before deposition of the 
Barberton sediments. 

6. CONCLUSIONS 

Mineralogical data combined with geochemical parameters are useful indicators for the 
search of the provenance of ancient shales. However, chemical compositions have to be 
interpreted and used carefully if the possibility exists of the occurrence of secondary effects, 
such as weathering, thermal alteration or hydraulic sorting. For instance, Rb-Sr, Pb-Pb and Sm- 
Nd results may be misinterpreted as depositional ages, as they can reflect open-system 
behaviors severely disturbed and rehomogenized during later thermal and/or chemical events. 

Mineral, chemical and Rb-Sr, Sm-Nd and Pb-Pb isotopic data were determined on 
shales of the ~3. 5-3.1 Ga old Barberton Greenstone Belt in South Africa. A progressive 
chemical change in the composition can be followed upwards the sedimentary sequence from 
an ultramafic-mafic to a felsic-plutonic source. The Si02, K 2 O, U, Rb, Ba, Sr contents 
systematically increase as well as the Zr/Y ratio, and the MgO and Fe203 contents 
systematically decrease as well as the Sm/Nd and Cr/Zr ratios. Both sets of rocks yield high 
concentrations of Cr and Ni relative to other Archaean shales. 

The shales of the Fig Tree Group have varied REE patterns with lower LaN/YbN ratios of 
6.6±1 .9 and Eu/Eu* ratios of 0.86±0.1 1 , than those of the Moodies Group with LaN/YbN ratios of 
8.8±4.6 and Eu/Eu* ratios of 0.91 ±0.1 8. An increase in the GdN/YbN, Th/Sc, La/Sc, La/Yb ratios, 
and a decrease in the Sm/Nd ratio appear to reflect a change from a relatively undifferentiated 
mafic upper-crustal source to a more differentiated felsic composition. 

The Tdm Sm-Nd ages also suggest partly differentiated mantle sources. However, they 
do so predominantly with either the mafic rocks of the lower Greenstone Belt itself, or the 
surrounding granitoid rocks as the potential source(s) of the shales. The Rb-Sr and Pb-Pb 
isotopic ages provide strong evidence for an alteration process caused by either a thermal or a 
chemical event that, at least, disturbed the isotopic systems of the studied samples, as a result 
of large-scale fluid migrations. 
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FIGURE AND TABLE CAPTIONS 

Figure 1 : General geologic map of the Barberton greenstone belt with surrounding plutons. 

Insert shows Kaapvaal craton with location of the Barberton Greenstone Belt. 
Modified after Anhaeusser et al. (1983). 

Figure 2: Pictures by Scanning Electron Microscopy of some minerals characteristic of the 
FTG shales (from A to F) and of the MG shales (G to L): A and B = flaky illite; C = 
dolomite and chlorite; D = monazite (rhabdophane); E = flaky chlorite; F = chlorite on 
quartz; G = flaky illite; H = vein filled with sphalerite; I = Cr-spinel; J = zircon; K = 
back-scattered image showing distribution of magnetite (white) in sample 79NC127; 
L = dolomite and quartz in a back-scattered image. 

Figure 3: Logarithmic plots of TiC >2 (in A), Fe 2 C >3 (in B) and K 2 O (in C) vs. AI 2 O 3 . All contents 
are in wt%. Open circles are FTG shales and open squares MG shales. Adapted 
from Veizer and Garret (1978) and Veizer (1978). Mineral fields calculated from Deer 
etal. (1983). 

Figure 4: K20-Fe203-Al203 ternary plot adapted from Wronkiewicz and Condie (1987). Field of 
residual clays is from Reimer (1985). The abbreviations stand for: FVO = felsic 
volcanic; KOM = komatiite; BAS = basalt; GRA = granite; TTG = 
tonal ite/trondjhemite/granodiorite. 

Figure 5: Ternary diagram of molar fractions of Al203-(Ca0*+Na20)-K20. Modified from Nesbitt 
and Young (1984) and McDaniel et al. (1994). Also plotted are the NASC (Gromet et 
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al., 1984) value (full square) and the upper continental crust (Taylor and McLennan, 
1985) data (dashed area). 

Figure 6: Logarithmic plot of Rb vs. K concentrations of the FTG and MG shales. Adapted 
from Veizer (1978). Mineral fields calculated from Deer et al. (1983). 

Figure 7: Chondrite-normalized REE patterns of the FTG and MG shales as well as of the 
NASC reference. 

Figure 8: Logarithmic plot of Cr vs. Ni concentrations of the FTG and MG shales relative to 
other Archaean shales of South Africa (in A) and to other early Archaean 
occurrences (in B). Data from Wronkiewicz and Condie (1987; 1989; 1990), 
McLennan et al. (1983a), McLennan et al. (1984), Nance and Taylor (1977) and 
Jenner et al. (1981). 

Figure 9: Plot of Th/Sc vs. Zr/Sc ratios of the FTG and MG shales. Note positive correlation 
indicating simple compositional variation. Adapted from McLennan et al. (1993). 

Figure 10: Plot of Cr vs. Zr contents of the FTG (circles) and MG (squares) shales. Note 
positive correlation in the Moodies shales. 

Figure 1 1 : Plot of GdN/YbN vs. LaN/SrriN ratios. NASC ratios are for reference. The effects of 
heavy mineral sorting for apatite, monazite and zircon (- = loss, + = addition) are 
shown in insert. Adapted from Bock et al. (1994). 

Figure 12: Double ternary diagram of Th-Hf-Co and La-Th-Sc contents, after Wronckiewicz and 
Condie (1987). Source rock compositions are Archaean (Condie, 1993) and NASC 
(Gromet et al., 1984). For abbreviations, see figure 4 and AS stands for Archean 
Shales (Condie, 1993). 

Figure 13: Plot of Zr contents vs. Ti/Nb ratios (in A), and SiC >2 contents vs. Ti/Nb ratios (in B). 

Source rock compositions are Archaean (Condie, 1993) and NASC (Gromet et al., 
1984). For the other abbreviations, see figure 4. 

Figure 14: Plots of Th/Sc vs. Th/AI203 ratios (in A); TI 1 /AI 2 O 3 vs. SC/AI 2 O 3 ratios (in B); TI 1 /AI 2 O 3 
vs. La/AbOs ratios (in C) and La/Sc vs. LaN/YbN ratios (in D). Adapted from Hemming 
et al. (1995). For abbreviations, see figure 4. 

Figure 15: Pb-Pb isochron diagram for the FTG (circles) and MG (squares) shales. 

Figure 16: Rb-Sr isochron diagram for the FTG (circles) and MG (squares) shales. 

Figure 17: Diagram of 147 Sm/ 144 Nd vs. 143 Nd/ 144 Nd ratios of the FTG (circles) and MG (squares) 
shales. 

Figure 18: TDM (Ga) vs. 147 Sm/ 144 Nd ratios. Data sources and identification: open circles are 
the FTG shales of our study and filled circles are the FTG shales (data of McCulloch 
and Wasserburg, 1978; Miller and O'Nions, 1985; Dia et al., 1990); open boxes are 
the MG shales of our study; open diamonds are felsic volcanics and granitoid rocks 
around the BGB (data of Hamilton et al., 1979; Kroner et al., 1996; Hegner, unpubl.); 
filled triangles are gneisses of the Ancient Gneiss Complex (data of Kroner et al., 
1993); small open circles are komatiites (data of Hamilton et al., 1979; Jahn et al., 
1982; Gruau et al., 1990; Lahaye et al., 1994; Lecuyer et al., 1994; Hegner, unpubl.); 
small filled circles are basaltic komatiites (data of Jahn et al., 1982; Lahaye et al., 
1994; Lecuyer et al., 1994); open triangles are basalts (data of Hamilton et al., 1979; 
Jahn et al., 1982; Gruau et al., 1990). Age data are of Hamilton et al. (1979), Kroner 
et al. (1991) and Kroner et al. (1996). 

Figure 19: £nci vs. 147 Sm/ 144 Nd ratios at T = 3245 Ma of the FTG and MG shales, together with 
previously published isotopic values of FTG shales compared to possible source 
rocks. Symbols as in figure 18. 

Figure 20: £nci vs. time plot for Nd isotope data of the FTG shales. Notice that the evolution lines 
appear to converge at certain ages. The shaded boxes correspond to eNd data of 
known alteration ages of the area with Nd isotope data of the sampled shales (in 
Toulkeridis et al., 1998; Toulkeridis et al., 1999). 

Table 1: Mineral composition, vein type and Chlorite/lllite (Chl/lll) ratio of the FTG and MG 

shales. Abbreviations are: n.d. = not determined, Qz = quartz, Dol = dolomite, FeDol 
= Fe-dolomite, Ank = ankerite, Cc = calcite, Sid = siderite, III = illite, Chi = chlorite, 
Ba = barite, Apa = apatite, Mnz = monazite (rhabdophane), Him = illmenite, Ti = 
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titanite/rutile, Mt = magnetite, Zr = zircon, CrSpi = Cr-spinel, Alb = albite, Kfsp = K- 
feldspar, PbS = galenite, Pyr = pyrite, ZnS, FeNiS, NiFeS, FeCuS, AsCoFeNiS = 
minor undifferentiated sulfides, FeTi and FeSi = undifferentiated Fe-bearing 
minerals. 

Table 2a: Major, trace and rare-earth elements of the FTG shales. Major elements are in %wt, 
trace- and REE are in pg/g. Chemical data of 79NC117 and 79NC118 are from 
McLennan et al. (1983). Average* excludes 79NC107. For explanation see text. 

Table 2b: Major-, trace and rare-earth elemenrs of the MG shales. Major elements are in %wt, 
trace- and REE are in pg/g. Chemical data of 79NC123, 79NC124, 79NC129, 
79NC130 and 79NC131 are from McLennan et al. (1983). Average* excludes 
79NC127. For explanation see text. 

Table 3a: Selected elemental ratios of the FTG shales 

Table 3b: Selected elemental ratios of the MG shales 

Table 4: Rb, Sr, Sm, Nd concentrations and isotopic data of Sr, Pb and Nd in FTG and MG 

shales. N.d. = not determined. 

For £Nd calculation the following equation was used: 

„ ^]_ ( O^Ncl/l^NcOmeas ~ 0^ SlTl^^l Nd)meas * 1) ^ 10000 

0.512638 - 0.1966 * ( e^ T -l) 

For Tdm calculation the following equation was used: 

t _ 1 , ,J, , 0.513151 - , \lli«NdO«Ncfmeas-le lT - l) *lli«Sm/i44 Nd ) - 0.1 1),' ) 

Tdm-- to|l+ 0.2137-0.11 < 
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Table 1 


Sample 

Mineralogy 

Vein- type 

Chilli 

79NC103 

Qz-Dl-Chl-Dol 


43 

79NC104 

Qz-Chl-Dl-D ol- Sid- Him 

P}T 

12.2 

79NC105 

Qz-Chl-Dl- Alb-Cc-D ol- Dim- Sid-Zr- Ap a-Mt 

Pyr-Au 

19 

79NC106 

Qz-Chl-Dl-D ol-Zr-F eNiS 

Qz 

9.5 

79NC107 

Qz-ClxL-m-(rll- Chl) -Alb 

Pyr-Au 

11.3 

79NC10S 

Qz-Chl-Dl-Alb-Dol 

Pyr-Au 

13.3 

79NC111 

Qz-Dl- Sid- Alb-Mnz 


17.9 

79NC113 

Qz-Chl-Dl-(D1-Chl) -D ol-F eCuS-F eTi-F eSi 


12.5 

79NC114 

Qz-Ill-Chl-Illm-D ol-Mnz-Ap a-F e Si 

Dol~Qz 

21.9 

79NC115 

Qz-Chl-Dl-(D1-Chl)-F eCuS-F eNiS 


Id. 8 

79NC1H5 

Qz-Chl-Hl-F e Si-D ol-Mnz 

Dol 

13.7 

79NC117 

Qz-Chl-(D1-Chl)-Dl- Dim- Sid-Pyr-Mnz-F e Si- Alb ? 


17 

79NC11S 

Qz-Chl- Alb- Sid-Pyr-Mnz-AsC oF eNiS-F eCuS-Ti 


n.d. 

79NC119 

Qz-Chl-Dl- Alb-Dlm-D ol 

Dol-ZnS 

9.1 

79NC123 

Qz-Dl-Chl-Dol-F eCuS-Mnz 


n.d. 

79NC124 

Qz-Ill-Cm-Chl)-Chl-D ol- Sid- Dim- Alb-Zr-Ti-F e Si-ZnS-Mnz? 


n.d. 

79NC125 

Qz-Dl- Alb-Chl-Dlm-D ol-F eNiS-Zr-Pyr 


100 

79NC12d 

Qz-Dl-(D1-C1D)- Alb-CrSpi-Dol-Mnz-F eNiS- AsC oF eKiS-F eCuS 


100 

79NC127 

Qz-Mt-(I11-Chl)-Ill- Alb-Chl-Mnz-F e Si-Pyr 

Qz 

41 

79NC128 

Qz-Dl- Alb-D ol-F eSi-F eNiS-Ti 


82 

79NC129 

Qz-Chl-Dl- Alb-Pyr- Dim 


8.5 

79NC130 

Qz-Dl-Chl- Alb -Pyr-Mnz-CrSpi-T i 

Dol 

n.d. 

79NC131 

Qz-Dl-Chl- Sid- Alb-Mnz-NiF e S-B a- Dlm-Ti 


n.d. 
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